Heat shock transcription factor (HSF) 1 levels increase in brain regions and decline in kidney during postnatal rat development. In both neonatal and adult rats, levels of HSF1 protein in brain and kidney are proportional to the levels of HSF DNA-binding activity and the magnitude of heat shock protein hsp70 induction after thermal stress. There appears to be more HSF1 protein in adult brain than is needed for induction of hsp70 after thermal stress, suggesting that HSF1 may have other functions in addition to its role as a stressinducible activator of heat shock genes. HSF2 protein levels decline during postnatal rat development in brain regions and kidney. Gel mobility shift analysis shows that HSF2 is not in a DNA-binding form in the neonatal brain and kidney, suggesting that HSF2 may not be involved in the constitutive expression of hsps in early postnatal development. There is no apparent relationship between levels of HSF2 protein and basal levels of hsp90, hsp70, heat shock cognate protein hsc70, and hsp60. Key Words: Heat shock transcription factor 1-Heat shock transcription factor 2-Heat shock protein-Stress response. J. Neurochem. 75, 363-372 (2000).
All living organisms react to stress by synthesizing a set of proteins called heat shock (hsps) or stress proteins. These hsps help to repair cellular damage and protect cells from subsequent stress (Georgopoulos and Welch, 1993; Parsell and Lindquist, 1993; Hightower and Li, 1994; Morimoto et al., 1994) . Many hsps are also expressed constitutively in the unstressed cell, where they play vital roles in protein maturation events such as protein folding, unfolding, and translocation across membranes (Ellis and van der Vies, 1991; Gething and Sambrook, 1992) . The hsps are classified into major families, based on their molecular weight (Welch, 1992) ; these include the hsp100, hsp90, hsp70, hsp60, and hsp20 families. Members of the hsp70 multigene family are composed of stress-inducible hsp70 (Wu et al., 1985) and the constitutively expressed heat shock cognate protein hsc70 (Chappell et al., 1986) .
In eukaryotes, the heat shock response is regulated at the transcriptional level by heat shock transcription factors (HSFs), which bind to highly conserved heat shock elements (HSEs) in the promoter regions of heat shock genes (Morimoto, 1993; Wu, 1995) . In mammalian cells, three HSFs have been identified: HSF1, HSF2, and HSF4 (Rabindran et al., 1991; Sarge et al., 1991; Schuetz et al., 1991; Nakai et al., 1997) . Mammalian HSF1 mediates the induction of heat shock genes in response to temperature elevation and other stresses, whereas HSF2 is not activated in response to heat shock and most other forms of cellular stress Wu, 1995) . Activation of HSF1 is via a multistep pathway, involving trimerization of the factor, acquisition of DNA-binding ability, and, in some cells, hyperphosphorylation (Baler et al., 1993; Rabindran et al., 1993; Sarge et al., 1993; Cotto et al., 1996; Xia and Voellmy, 1997) .
Two isoforms of HSF1 protein exist in murine cells, which arise from alternative splicing of HSF1 premRNA (Fiorenza et al., 1995; . HSF1 does not show constitutive DNA-binding activity in postimplantation mouse embryos . Furthermore, the constitutive expression of hsc70, hsp60, BiP/GRP78, and hsp27 in cultured embryonic murine cells was unaffected by the disruption of the HSF1 gene (McMillan et al., 1998) . However, hsf1(Ϫ/Ϫ) knockout mice have an increased chance of prenatal death, and hsf1(Ϫ/Ϫ) female mice are infertile (McMillan et al., 1998) . Furthermore, hsf1(Ϫ/Ϫ) mice have defects of the chorioallantoic placenta, growth retardation, and exaggerated tumor necrosis factor-␣ production, resulting in increased mortality after endotoxin challenge (Xiao et al., 1999) . Because basal hsp expression is not altered appreciably by disruption of the HSF1 gene (Mc-Millan et al., 1998; Xiao et al., 1999) , HSF1, like Drosophila HSF, might be involved in regulating other important genes or signaling pathways (Xiao et al., 1999) .
HSF2 is activated during the hemin-induced erythroid differentiation of human K562 erythroleukemia cells (Sistonen et al., 1992 . Because HSF2 expression is down-regulated when K562 cells are induced toward megakaryocytic differentiation, HSF2 could function as a lineage-restricted transcription factor during differentiation of K562 cells along either the erythroid or the megakaryocytic pathway (Pirkkala et al., 1999) . Also, HSF2 may regulate constitutive heat shock gene expression during spermatogenesis Sarge and Cullen, 1997) . HSF2 exists in a DNA-binding form in mouse embryos during postimplantation development , and it may have a role in neural proliferation . However, immunocytochemistry revealed no obvious correlation between the levels of HSF2 and constitutive expression of hsps . HSF2 is activated when the ubiquitinproteasome pathway is inhibited, thus providing a heat shock gene-regulatory mechanism to respond to changes in the protein-degradative machinery (Mathew et al., 1998) . HSF2 also interacts with the PR65 (A) subunit of protein phosphatase 2A (PP2A) and blocks its interaction with the catalytic subunit by competing with the catalytic subunit for the same binding site on PR65 (Hong and Sarge, 1999) . Overexpression of HSF2 increases PP2A activity significantly in cells (Hong and Sarge, 1999) . PP2A is involved in the regulation of various important cellular processes, including intermediary metabolism, signal transduction, and cell cycle progression (Mumby, 1995; Wera and Hemmings, 1995; Barford, 1996; Faux and Scott, 1996; Cohen, 1997) .
As with HSF1, two isoforms of HSF2 exist in murine cells, arising from alternative splicing of HSF2 premRNA (Fiorenza et al., 1995; . The lowest-molecular-weight isoform of HSF2, HSF2-␤, is a less potent transcriptional activator than the larger HSF2-␣ isoform . HSF2-␤ appears to act as a negative regulator of HSF2 DNA-binding activity and transcriptional induction of heat shock genes during hemin-mediated erythroid differentiation of K562 cells (Leppä et al., 1997) .
The magnitude of induction of hsp70 after hyperthermic stress in brain, kidney, and other tissues changes as postnatal development proceeds (Currie et al., 1983; Gaudio et al., 1998; Xia et al., 1999) . Because HSF1 is responsible for the stress response in mammals Wu, 1995) , we were interested in determining whether HSF1 protein levels differed during development in brain regions and kidney and whether levels of HSF1 protein are related to the magnitude of the hsp70 induction response. Heat shock experiments were carried out on 2-day-old neonatal and 40-day-old adult rats to measure DNA-binding activation and hyperphosphorylation of HSF1 and also subsequent induction of hsp70 protein in the brain and kidney. The constitutive levels of hsp70, hsc70, hsp90, and hsp60 in rat brain and kidney change during postnatal development (D'Souza and Brown, 1998) . Because HSF2 may serve as a developmental regulator of heat shock gene expression during embryogenesis , we investigated HSF2 protein levels in the developing rat brain and kidney to see if there was a relationship between postnatal HSF2 levels and constitutive levels of hsps. Gel mobility shift analysis was used to determine if HSF2 was in a DNA-binding form in these tissues during development.
MATERIALS AND METHODS

Induction of hyperthermia
The body temperature of 2-day-old Wistar rat pups was elevated from 30 to 40°C by placing the animals 12 cm below an infrared lamp. In a second experiment, the body temperature of 2-day-old Wistar rat pups was elevated from 35 to 40°C by placing the animals 23 cm below an infrared lamp. The initial temperature of the rat pups was lower in the first experiment because they had spent some time away from their mother. The capacity for thermoregulation is not yet fully developed in 2-day-old rats. Body temperature was monitored with a needle thermistor probe. Following maintenance of body temperature at the elevated level for 5 min, the animals were left at room temperature for various intervals before they were killed. This method of heat shocking 2-day-old rats has been previously described (Brown, 1983; Brown and Rush, 1990) . Littermates were used in this study.
The body temperature of 40-day-old Wistar rat adults was elevated by 3.3 Ϯ 0.8°C above normal body temperature (38.3 Ϯ 0.7°C) by placement of animals in a dry incubator preheated to 42°C. The rats were allowed to roam free within their cages during the induction of hyperthermia. Body temperature was monitored using a rectal thermistor probe. Peak rectal temperature was reached 40 min after placement in the incubator. Rats were maintained at the increased body temperature of plus 3.3 Ϯ 0.8°C for various intervals before they were killed or else maintained at the increased body temperature for 1 h and then left at room temperature for various intervals before they were killed. Brown and Rush (1999) successfully used this method to heat shock adult rats.
Gel mobility shift assays
Neural regions and kidney were quickly removed from Wistar rats (Charles River) that had been killed and then were subjected to fast freezing on tin foil placed over powdered dry ice. Tissue extracts were prepared by homogenization, in a glass/Teflon homogenizer, of previously frozen tissue samples in 5 volumes of homogenization buffer [20 mM HEPES, (pH 7.9), 420 mM NaCl, 25% glycerol, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, 10 g/ml pepstatin A, and 10 g/ml aprotinin] as described previously (Brown and Rush, 1996) . This homogenization buffer was a modification of buffer C, previously described by Sarge et al. (1994) . Homogenization was immediately followed by centrifugation of 1-ml aliquots in a microfuge at 12,000 g for 2 min at 4°C. The supernatant was quickly drawn off without disturbing the pellet and frozen in aliquots of 50 l in powdered dry ice, followed by storage at Ϫ70°C.
Native gel mobility shift assays were carried out in duplicate, as described by Sarge et al. (1991) , with a self-complementary consensus HSE oligonucleotide (5Ј-CTAGAAGCT-TCTAGAAGCTTCTAG-3Ј) that contained four perfect inverted 5Ј-NGAAN-3Ј repeats after annealing. This HSE oligonucleotide probe was end-labeled with T4 polynucleotide kinase and [␥-32 P]ATP. Each gel shift reaction mix of 25 l was incubated at 25°C for 20 min and contained the tissue supernatant fraction (30 g of protein) and 50,000 cpm of HSE oligonucleotide probe. For experiments involving the preincubation of tissue extracts with HSF1 or HSF2 polyclonal antibodies before gel mobility shift analysis, the procedure described by Sarge et al. (1993 Sarge et al. ( , 1994 was followed, using antibodies donated by Kevin Sarge (University of Kentucky) and Richard Morimoto (Northwestern University). Data shown are representative of independent experiments carried out on two sets of animals.
Western blot analysis
For determination of the levels of HSF1, HSF2, hsp70, and hsc70 proteins in the various organs, tissue extracts were prepared as described above and subjected to duplicate enhanced chemiluminescence western blot analysis, as previously described (Manzerra et al., 1993; Sarge et al., 1993 Sarge et al., , 1994 . The following antibodies were used: polyclonal HSF1 antibody (gift from Kevin Sarge and Richard Morimoto) diluted 1:25,000, polyclonal HSF2 antibody (gift from Kevin Sarge and Richard Morimoto) diluted 1:50,000, monoclonal C92 antihsp70 (StressGen) (Welch and Suhan, 1986 ) diluted 1:5,000, and polyclonal 1477 anti-hsc70 (gift from R. Tanguay) diluted 1:50,000. Protein levels were determined using the Bio-Rad protein assay. Gels were stained with Coomassie Blue and then adjusted for equal protein loading. Data shown for the 40-dayold rat heat shock experiment are representative of independent experiments carried out on three sets of animals. Other data shown are representative of independent experiments carried out on two sets of animals.
DNA quantification
Cerebellum and kidney were quickly removed from Wistar rats (Charles River) that had been killed and were fast frozen and homogenized in buffer C as described above. The wholecell homogenate was stored at Ϫ20°C. DNA concentration was established by the "Dische" or "boiling" diphenylamine reaction. In brief, the DNA concentration of each sample was first estimated by lysing the tissue in a 0.2 M NaOH and 1% sodium dodecyl sulfate (SDS) solution and then measuring the OD 260 . Then duplicate aliquots of ϳ100 g of DNA from each sample were pipetted into glass test tubes, and to each was added enough 1ϫ SSC solution (0.15 M NaCl and 0.015 M sodium citrate) to bring the total volume to 1.0 ml. Then 2.0 ml of diphenylamine reagent [1% (wt/vol) diphenylamine and 2.75% (vol/vol) concentrated sulfuric acid in glacial acetic acid] was added to each tube, and the tubes were heated in a boiling water bath for 10 min. Then the OD 600 was measured on a Phillips Pye Unicam PU8610 UV/VIS kinetics spectrophotometer and compared with a standard curve prepared using known concentrations of stock DNA (from calf thymus). Independent experiments were performed on three sets of Wistar rats (Charles River).
RESULTS
Changes in levels of HSF1 and HSF2 during postnatal development
A previous study done in our laboratory showed that HSF1 protein levels increase in the rat cerebellum during postnatal development up to day 30, whereas HSF2 levels decline (Brown and Rush, 1999) . We have now extended this study by examining developmental changes in HSF1 and HSF2 protein levels in additional neural regions and in kidney and by extending the analysis to postnatal day 98. Figure 1A shows changes in HSF1 protein levels in three brain regions and kidney of the rat from postnatal day 2 to 98. HSF1 levels increase in the brain regions from day 2 to days 20 and 30 and then decline. In the kidney, HSF1 protein levels are high at day 2 but decline during subsequent development (Fig.  1A) . Therefore, HSF1 protein levels seem to be regulated in a tissue-specific manner.
To compare HSF1 levels in the different tissues, samples from 2-and 30-day-old rats were assayed side by side (Fig. 1B) . At postnatal day 2, HSF1 levels are highest in the kidney, followed by cerebellum, cerebral hemisphere, and brainstem (Fig. 1B) . However, by day 30, HSF1 levels are highest in cerebellum, followed by brainstem and cerebral hemisphere. HSF1 levels in kidney at day 30 were too low to be detected by the western analysis. Isoforms of HSF1 protein were detected, which likely result from alternative splicing of HSF1 premRNA (Fiorenza et al., 1995; . Figure 2A shows changes in HSF2 protein levels in various tissues of the rat from postnatal day 2 to 98. In the three brain regions and kidney, HSF2 levels decline during postnatal development. This suggests that HSF2 may have a role in early rat development. At both day 2 and day 30, HSF2 levels are higher in the three brain FIG. 1. HSF1 protein levels in rat tissues during postnatal development. Aliquots of whole tissue extracts (100 g of protein) from three different brain regions [cerebellum (Cb), brainstem (BS), and cerebral hemispheres (CH)] and kidney (K) were obtained from animals at the indicated postnatal ages (2-98 days) and subjected to western blot analysis with a 1:25,000 dilution of HSF1 antibody. Proteins of ϳ70 kDa molecular mass were detected. A: Developmental changes in HSF1 protein levels. Numerals indicate postnatal age in days. B: Levels of HSF1 protein in the different tissues at 2 (2d) and 30 (30d) days. Samples from the various tissues at each of the two different ages were assayed side by side to obtain a comparison between the different tissues.
regions than in kidney (Fig. 2B ). This may indicate that HSF2 plays a greater role in the postnatal brain than in the kidney. Isoforms of HSF2, which are generated by alternative splicing of HSF2 pre-mRNA, have been reported in the mouse (Fiorenza et al., 1995; . Thus, the multiple bands that appear in brain and kidney in Fig. 2 likely correspond to different isoforms of HSF2. In the brain regions, there are higher levels of the lower-molecular-weight HSF2-␤ isoform compared with the larger HSF2-␣ isoform (Fig. 2) . Both the HSF1 and the HSF2 antibodies have previously been shown to be highly specific in discriminating mammalian HSF1 and HSF2 (Sarge et al., 1993 .
In the western blots shown in Figs. 1 and 2, 100 g of a whole cell extract was loaded in each lane. However, the number of cells contained in the 100 g of protein may vary during development or between different tissues, and this could influence the observed differences in HSF1 and HSF2 levels between the tissues. To investigate this possibility, the amount of DNA per 100 g of protein was determined in rats ranging in age from 2 to 32 days. DNA levels in the cerebellum increased from 8.3 Ϯ 0.4 g of DNA/100 g of protein at postnatal day 2 to 9.8 Ϯ 0.6 g of DNA/100 g of protein at day 32. Over the same interval, DNA levels in kidney increased from 6.6 Ϯ 3.1 to 8.6 Ϯ 0.9 g of DNA/100 g of protein. These changes in DNA levels, which are reflective of cell numbers per 100 g of protein, are not of sufficient magnitude to explain the large developmental variations in HSF1 and HSF2 levels in the cerebellum and kidney shown in Figs. 1 and 2 .
Constitutive HSF activation during development
HSF2 has been proposed to regulate heat shock gene expression during developmental events (Sistonen et al., 1992 Loones et al., 1997; Sarge and Cullen, 1997) . To investigate this possibility, we performed gel mobility shifts to establish the levels of HSF-HSE-binding activity under nonstress conditions in different rat tissues during postnatal development (Fig. 3) . If HSF2 is in a DNA-binding form, it could be involved in regulation of constitutive expression of heat shock genes. In the cerebellum and kidney, constitutive HSF-HSE-binding activity increased during postnatal development (Fig. 3) ; however, binding activity was not observed in either tissue in the unstressed 2-day-old rat. This suggests that HSF2 is not activated in the neonatal rat, despite being present at high levels (Fig. 2) . Because HSF2 is not in a DNA-binding form, it is probably not involved in constitutive heat shock gene transcription in the neonatal rat. However, it may be influencing development by means of its effect on PP2A activity. HSF-HSE-binding activity at later postnatal ages shows that a portion of the transcription factor in the cerebellum and kidney is in a DNA-binding form, and thus it may play a role in constitutive expression of heat shock genes at later ages (Fig.  3) . However, preliminary results suggest that the basal HSE-binding activity in adult cerebellum is due to HSF1 and not to HSF2 (data not shown).
Rat testis has previously been shown to have constitutive HSF2 DNA-binding activity (Higashi et al., 1995) . To confirm that the oligonucleotide used in the gel mobility shifts was an appropriate target for activated HSF2, we performed a supershift gel mobility shift assay on 98-day-old rat testis and found constitutive HSF2 DNAbinding activity in that tissue (data not shown). The oligonucleotide that was used in the gel shift assays was identical to that used by Sarge et al. (1994) , who successfully used it to detect HSF2 DNA-binding activity in mouse testis.
Heat shock response in 2-day-old rat
We were interested in whether the different HSF1 levels in brain regions and kidney of the 2-day-old rat ( Fig. 1B) were related to the magnitude of the heat shock   FIG. 2 . HSF2 protein levels in rat tissues during postnatal development. Aliquots of whole tissue extracts (100 g of protein) from three different brain regions [cerebellum (Cb), brainstem (BS), and cerebral hemispheres (CH)] and kidney (K) were obtained from animals at the indicated postnatal ages (2-98 days) and subjected to western blot analysis with a 1:50,000 dilution of HSF2 antibody. Proteins of ϳ70 kDa molecular mass were detected. A: Developmental changes in HSF2 protein levels. Numerals indicate postnatal age in days. B: Levels of HSF2 protein in the different tissues at 2 (2d) and 30 (30d) days. Samples from the various tissues at each of the two different ages were assayed side by side to obtain a comparison between the different tissues.
FIG. 3.
Constitutive HSF activation in cerebellum (Cb) and kidney (K) from postnatal day 2 to 57. HSE-binding activity in Cb and K was analyzed by gel mobility shift analysis during postnatal development. Extracts of the two tissues were obtained from animals at the indicated postnatal ages (2-57 days) and subjected to gel shift analysis using a labeled oligonucleotide probe that contained four inverted repeats of the HSE consensus sequence 5Ј-NGAAN-3Ј. response in these tissues. Body temperature of 2-day-old rats was elevated from 30 to 40°C for 5 min, and the animals were then allowed to recover at room temperature for various intervals before they were killed. Figure  4A shows the magnitude of HSF activation in brain and kidney at time points after heat shock. HSF DNA-binding activation was observed at 25 min after the end of the heat shock but had disappeared by 55 min. A higher level of HSF activation occurred in kidney than in brain in the 2-day-old rat.
When HSF1 becomes hyperphosphorylated after heat shock, phosphorylation of the transcription factor can be detected as a decrease in the mobility of the factor on an SDS-polyacrylamide gel (Sarge et al., 1993; Jurivich et al., 1994; Mathur et al., 1994) . Western analysis of the 2-day-old rat kidney showed a decrease in the mobility of HSF1 on an SDS-polyacrylamide gel at 25 min posthyperthermia (Fig. 4B) . This is consistent with stressinduced phosphorylation of the transcription factor. The change in mobility of HSF1 was not observed at 55 min, concurrent with the disappearance of HSF-HSE-binding activity.
There were only basal levels of hsp70 protein in kidney at 55 min after heat shock (Fig. 4B ). However, 6 h after hyperthermia a robust induction of hsp70 protein was apparent in kidney, with a lower induction in brain (Fig. 4C) . Therefore, the higher levels of HSF1 protein and HSF-HSE-binding activity in 2-day-old kidney compared with brain (Figs. 1B and 4A ) agreed with the greater induction of hsp70 protein in kidney compared with brain after thermal stress. Constitutive hsc70 levels were slightly higher in brain than in kidney (Fig. 4C) . No induction of hsc70 protein occurred after heat shock in either of the two tissues in the 2-day-old rat (Fig. 4C) .
To see if the magnitude of the change in body temperature (⌬T) influenced the heat shock response in the 2-day-old rat, body temperature was elevated from 35 to 40°C for 5 min. These rats had an initial body temperature of 35°C because they were taken away from their mother only a short time before the heat stress. This heat stress resulted in a ⌬T of 5°C compared with the previous experiment, where the ⌬T was 10°C (Fig. 4) . HSF activation was highest immediately after heat shock in the two tissues studied, had diminished greatly by 10 min posthyperthermia, and had returned to basal levels by 20 min (Fig. 5A) . After thermal stress, a higher level of HSF activation occurred in the kidney than in the brain (Fig.  5A) , as was observed in Fig. 4A . However, the duration of HSF DNA-binding activation was longer when the ⌬T was higher (compare Figs. 4A and 5A ). The mobility of HSF1 from kidney on an SDS-polyacrylamide gel did not appear to decrease after heat shock, when HSF DNA-
FIG. 4. HSF1 activation and hsp70 and hsc70 levels after high
⌬T heat shock in tissues from 2-day-old rats. A: Gel mobility shift analysis of HSE-binding activity in extracts of brain and kidney (K) following hyperthermia (⌬T ϭ 10°C). Extracts were prepared from control rats (C) and from rats 25 or 55 min following heat stress. B: K extracts were prepared from control rats (C) and from rats 25 or 55 min following hyperthermia. Aliquots (100 g of protein) were subjected to western blot analysis with either a 1:25,000 dilution of HSF1 antibody or a 1:5,000 dilution of C92 (anti-hsp70) antibody. The arrows show the mobility shift associated with the stress-induced hyperphosphorylation of HSF1. C: Aliquots (100 g of protein) of brain and K were obtained from control 2-day-old rats (C) and from 2-day-old rats 6 h posthyperthermia (HS) and subjected to western blot analysis with either a 1:5,000 dilution of C92 (anti-hsp70) antibody or with a 1:50,000 dilution of 1477 (anti-hsc70) antibody.
FIG. 5.
HSF activation in 2-day-old rat tissues following low ⌬T heat shock (HS). HSE-binding activity in extracts of brain and kidney (K) was analyzed by gel mobility shift analysis following hyperthermia (⌬T ϭ 5°C). A: Extracts of the tissues were prepared from control 2-day-old rats (C) and from 2-day-old rats immediately following hyperthermia (0) or after 10, 20, 30, or 40 min of recovery at room temperature following hyperthermia. B: K extract was prepared from control 2-day-old rats (C) and from 2-day-old rats immediately following hyperthermia (0) or after 10, 20, 30, 40, or 50 min of recovery at room temperature following hyperthermia. Aliquots (100 g of protein) were subjected to western analysis with a 1:50,000 dilution of HSF1 antibody. HSF1/HSF2 AND HEAT SHOCK RESPONSE binding activity was maximal (Fig. 5B) . This is in contrast to the noticeable decrease in HSF1 mobility seen after the high ⌬T heat shock (Fig. 4B) . Therefore, HSF1 may not be hyperphosphorylated after a ⌬T of 5°C, suggesting that HSF1 hyperphosphorylation does not always accompany HSF1 DNA-binding activity following thermal stress. In summary, the duration of HSF1 DNA-binding activation and the extent of HSF1 hyperphosphorylation appeared to be influenced by the magnitude of the ⌬T.
Heat shock of 40-day-old rat
To investigate whether the differences in HSF1 levels previously observed in adult brain regions and kidney (Fig. 1) relate to the magnitude of the stress response in these organs, a heat shock experiment was performed on 40-day-old rats. Because HSF1 levels in brainstem and cerebral hemispheres are similar throughout development (Fig. 1A) , these regions were combined into a single fraction (forebrain) in this experiment. To establish the kinetics of HSF1 activation, the body temperatures of 40-day-old rats were raised by a physiologically relevant increase of 3.3 Ϯ 0.8°C. After 30 min of continuous heat shock, when HSF1 activation was maximal, the amount of activated HSF1 was greatest in the cerebellum, followed by forebrain and kidney (Fig. 6A) . Western blotting demonstrated that the level of HSF1 was higher in the adult cerebellum than the forebrain, whereas the HSF1 level in the kidney was too low to be detected by the western analysis (Fig. 6B) . To establish the kinetics of HSF1 deactivation during recovery from heat shock, 40-day-old adult rats were maintained at the elevated temperature for 1 h and then allowed to recover at room temperature for 20, 40, 60, or 120 min before they were killed (Fig. 6A) . HSF1 still remained in a DNA-binding form at 120 min after the end of the heat shock in the adult cerebellum but not in forebrain or kidney.
The hsp70 protein was induced in brain regions and kidney of the 40-day-old rat after 60 min of heat shock (Fig. 7A) . The highest hsp70 levels were observed at the longest time point, 2 h after the end of the heat shock, at which time the level of hsp70 protein was greatest in the adult kidney, followed by cerebellum and then forebrain. However, there were very low basal levels of hsp70 in brain regions of control animals but a relatively high basal level of hsp70 in kidney (Fig. 7A) . Therefore, the hyperthermic brain regions had the greater magnitude of induction of hsp70 compared with kidney, in agreement with the higher levels of HSF1 protein and DNA-binding activity in brain versus kidney. The observation that hsp70 protein induction is greater in cerebellum than in forebrain agrees with the relative HSF1 levels in the two brain regions (Fig. 6B) . Constitutive hsc70 is not induced by hyperthermia in the adult brain or kidney (Fig. 7B) . The hsc70 protein levels are higher in brain regions than in kidney. The high levels of constitutive hsc70 in brain may play a role in neuroprotective mechanisms.
Western analysis of the two adult brain regions showed a slight decrease in the mobility of HSF1 on an SDS-polyacrylamide gel after 30 min of continuous heat shock (Fig. 6B) , suggesting that HSF1 was hyperphosphorylated. In forebrain the inducible phosphorylation of HSF1 was reduced after 20 min of recovery, but in cerebellum it remained maximal until 60 min of recovery (Fig. 6B) . This longer period of hyperphosphorylation may contribute to the higher induction of hsp70 in cerebellum than in forebrain (Fig. 7A) .
DISCUSSION
Since HSF1 is responsible for the stress response in mammalian cells Wu, 1995) , levels of this transcription factor may influence the magnitude of hsp70 induction following thermal stress. In the 2-day-old rat, higher levels of HSF1 protein and HSF-HSE-binding activity are present in hyperthermic kidney compared with brain regions, consistent with the magnitude of induction of hsp70 protein after thermal stress in these tissues. In the adult rat, higher levels of FIG. 6. HSF-HSE-binding activity and hyperphosphorylation in 40-day-old rat tissues during heat shock (HS) recovery. A: Gel mobility shift analysis of HSE-binding activity in extracts of cerebellum (Cb), forebrain (Fb; brainstem and cerebral hemispheres), and kidney (K) of 40-day-old rats following hyperthermia. Extracts of the tissues were prepared from control rats (C), from rats that were maintained for 0, 30, or 60 min at the elevated temperature (continuous HS), and from rats that were maintained at the elevated temperature for 1 h followed by 20, 40, 60, or 120 min of recovery at room temperature (HS ϩ recovery). B: Western blot of HSF1 protein in two brain regions during the HS recovery experiment on 40-day-old rats. Aliquots (100 g of protein) of Cb and Fb were obtained from control rats (C) and from rats after they were heat-shocked as in A. The samples were subjected to western blot analysis with a 1:50,000 dilution of HSF1 antibody. There was insufficient HSF1 protein in K to be detected by the western analysis. The arrows show the mobility shift associated with the stress-induced hyperphosphorylation of HSF1.
HSF1 protein and HSF-HSE-binding activity are present in hyperthermic brain compared with kidney, consistent with the relative magnitude of induction of hsp70 protein in these two organs after thermal stress. There are high basal levels of hsp70 protein in kidney of control animals and therefore presumably high basal levels of hsp70 mRNA. Because heat shock markedly increases the stability of hsp70 mRNA (Theodorakis and Morimoto, 1987) , stabilization of the relatively large amount of hsp70 mRNA in the hyperthermic kidney may contribute to the level of hsp70 protein in that tissue. In brain, not all cell types induce hsp70 after a physiologically relevant increase in body temperature (Brown, 1990 (Brown, , 1994 Marcuccilli et al., 1996; Brown and Sharp, 1999) . For example, oligodendrocytes and some microglia induce hsp70 mRNA after heat shock, whereas large neurons and glial fibrillary acidic protein-positive astrocytes in the forebrain do not (Sprang and Brown, 1987; Brown, 1996, 1997) . This is despite the facts that abundant levels of HSF1 are present in forebrain neurons and that this HSF1 is localized to the nuclei of these neurons in both control and hyperthermic animals (Brown and Rush, 1999) . After hyperthermia, dentate granule cells of the hippocampus induce high levels of hsp70 mRNA but little hsp70 protein, suggesting posttranscriptional regulation of the synthesis of the protein (Krueger et al., 1999) .
Despite the very low levels of HSF1 in adult kidney, this organ can nevertheless induce a large amount of hsp70 after heat shock. Therefore, why is it necessary for adult brain regions to have such high levels of HSF1? Naively, we might question whether HSF1 is entirely responsible for the induction of hsp70 after heat shock. However, Xiao et al. (1999) have shown that hsf1(Ϫ/Ϫ) mice cannot induce hsp70 after hyperthermia. Levels of hsp90 and hsc70 in adult rat brain are much higher than in kidney (D'Souza and Brown, 1998; present study, Fig. 7B) , and those proteins may dampen the heat shock response in brain at low stress levels. A high level of HSF1 in the brain may be necessary to lower the threshold for the heat shock response in the presence of large amounts of hsc70 and hsp90. Another possibility is that high levels of neural HSF1 are necessary to repress non-hsp genes. There is evidence that Drosophila HSF binds to dozens of non-hsp genes, perhaps repressing their transcription after heat shock (Westwood et al., 1991) . In heat-shocked human monocytes, activated HSF1 binds to an HSE in the prointerleukin 1␤ gene and represses transcription of that gene (Cahill et al., 1996) . HSF1 may also inhibit expression of a wide spectrum of other cytokines (Housby et al., 1999; Xiao et al., 1999) . It may be that HSF1 is involved in the repression of a range of other non-heat shock genes. At all developmental stages, a higher percentage of nonrepeated DNA is transcribed in mammalian brain than in kidney (Brown and Church, 1972) . The complexity of transcription increases in brain from the newborn to the 2-week-old stage before leveling off at the 6-week-old stage (Brown and Church, 1972) . However, the complexity of RNA transcription in kidney appears to decrease with the development of the animal (Brown and Church, 1972) . It is interesting that this pattern matches the developmental expression of HSF1 protein in those tissues. Therefore, an additional function of HSF1 may be to shut off genes following heat shock.
HSF1 may be performing other functions as well. For example, HSF1 may help to regulate DNA-dependent protein kinase (Nueda et al., 1999) , and it may play a role in cell cycle regulation (Bruce et al., 1999) . HSF1 may influence postnatal rat development in ways that do not involve the induction of heat shock genes. The developmental functions of Drosophila HSF are not mediated through the induction of heat shock genes (Jedlicka et al., 1997) . As mentioned previously, hsf1(Ϫ/Ϫ) knockout mice have multiple phenotypic abnormalities, despite the fact that basal hsp expression is not altered appreciably (McMillan et al., 1998; Xiao et al., 1999) . This suggests that HSF1, like Drosophila HSF, might be involved in regulating other important genes or signaling pathways (Xiao et al., 1999) .
The initial temperature of heat-shocked 2-day-old rats affected the duration of HSF-HSE-binding activity and the hyperphosphorylation of HSF1. Rats that were at 30°C before the 40°C heat shock experienced a longer duration of HSF-HSE-binding activity than those that were initially at 35°C. This result agrees with that of Abravaya et al. (1991) , who found that HeLa cells grown at 35°C experienced a greater magnitude and duration of HSF-HSE binding after heat shock than cells grown at 37°C. Also, 2-day-old rats that were initially at 30°C showed apparent stress-induced phosphorylation of HSF1, whereas rats that were initially at 35°C did not.
FIG. 7.
Western blot analysis of hsp70 and hsc70 protein levels in 40-day-old rat tissues following heat shock (HS). Aliquots (100 g of protein) of cerebellum (Cb), forebrain (Fb), and kidney (K) were obtained from control rats (C), from rats that were maintained for 0, 30, or 60 min at the elevated temperature (continuous HS), and from rats that were maintained at the elevated temperature for 1 h followed by 20, 40, 60, or 120 min of recovery at room temperature (HS ϩ recovery). A: Western blot analysis of hsp70 levels with a 1:5,000 dilution of C92 antibody. B: Western blot analysis of hsc70 levels with a 1:50,000 dilution of 1477 antibody. HSF1/HSF2 AND HEAT SHOCK RESPONSE HSF2 protein levels decline in brain and kidney during postnatal rat development. The fact that HSF2 levels are higher in the immature rat may suggest a developmental role of HSF2. However, there is some HSF2 in adult tissues, which indicates that HSF2 has a function in the mature animal. HSF2 levels are higher in brain than in kidney. Even though HSF2 levels are high in the 2-dayold rat, there is no constitutive HSF-HSE-binding activity in 2-day-old cerebellum or kidney, suggesting that HSF2 is not involved in gene transcription at this time. Furthermore, a previous study in our laboratory investigated developmental changes in basal levels of hsp90, hsp70, hsc70, and hsp60 in the rat brain and kidney (D'Souza and Brown, 1998) , and these changes do not parallel the declining HSF2 levels observed in the present study. Similarly, Rallu et al. (1997) found no obvious correlation between the expression patterns of the major hsps and that of HSF2 during mouse embryonic development. However, another heat shock factor, HSF4b, which could act as an activator of heat shock genes under normal conditions, has recently been found in mammals (Tanabe et al., 1999) .
As mentioned before, the smaller isoform of HSF2, HSF2-␤, may act as a negative regulator of HSF2 activity during hemin-mediated erythroid differentiation of K562 cells (Leppä et al., 1997) . The HSF2-␤ isoform is present in higher amounts than the HSF2-␣ isoform in the postnatal brain. This may explain the lack of any HSF2 activation in the 2-day-old brain, despite high levels of HSF2 protein.
Immunocytochemistry of the rat brain shows that HSF2 is localized to the nuclei of neurons at day 2 and in the cytoplasm at day 30 (Brown and Rush, 1999) .
Recently, it was shown that HSF2 is activated when the ubiquitin-proteasome pathway is inhibited (Mathew et al., 1998) . It is known that many neurodegenerative diseases, as well as normal aging, are characterized by an accumulation of ubiquitinated proteins in neurons and some glia cells (Alves-Rodrigues et al., 1998) . Neurons may be especially sensitive to malfunction of the ubiquitin/ATP-dependent pathway (Alves-Rodrigues et al., 1998) . It is possible that the relatively high amounts of HSF2 protein in brain protect against the accumulation of ubiquitinated proteins. Also, HSF2 may influence rat development via its previously discussed influence on PP2A activity. Creation of an HSF2(Ϫ/Ϫ)-deficient mouse would clarify the function of HSF2.
In summary, HSF1 levels increase in brain regions and decline in kidney during postnatal rat development. In both neonatal and adult rats, levels of HSF1 protein in brain and kidney are proportional to the levels of HSF-HSE-binding activity and the magnitude of hsp70 protein induction after thermal stress. There appears to be more HSF1 protein in adult brain than is needed for stressinduced expression of hsp70, suggesting that HSF1 may have other functions in addition to its role as a stressinducible activator of heat shock genes. HSF2 protein levels decline during postnatal rat development in brain regions and kidney, suggesting a role for HSF2 in development. However, gel mobility shift analysis shows that HSF2 is not in a DNA-binding form in the neonatal brain and kidney, suggesting that HSF2 may not be involved in the constitutive expression of hsps at that time. There is no apparent relationship between levels of HSF2 protein and basal levels of hsp90, hsp70, hsc70, and hsp60.
